The SecA ATPase associates with the SecY complex to push preproteins across the bacterial membrane. Because a single SecY is sufficient to create the conducting channel, the function of SecY oligomerization remains unclear. Here, we have analyzed the translocation reaction using nanodiscs. We show that one SecY copy is sufficient to bind SecA and the preprotein, but only the SecY dimer together with acidic lipids supports the activation of the SecA translocation ATPase. In discs, the dimer is predominantly arranged in a back-to-back manner and remains active even if a constituent SecY copy is defective for SecA binding. In membrane vesicles and in intact cells, the coproduction of two inactive SecYs, one for channel gating and the other for SecA binding, recreates a functional translocation unit. These results indisputably argue that the SecY dimer is crucial for the activation of SecA, which is necessary for preprotein transport.
SecYEG channel | membrane transporters | nanolipoparticles T he Sec channel is a macromolecular assembly essential to catalyze transport of preproteins carrying an N-terminal signal sequence. In bacteria, the core of the complex is a conserved multispanning membrane protein (SecY) associated with two smaller ones (SecE and SecG) (for review see refs. 1 and 2). Depending on the hydrophobicity of the signal sequence, protein translocation is driven by the ribosome during polypeptide elongation or by SecA, which is an ATPase that pushes preproteins in a stepwise manner across the membrane. Thermodynamic analysis has shown that docking of the signal sequence to the channel lowers the activation energy barrier of protein transport (3) . This docking event stimulates the SecA ATPase, which, under optimal conditions, leads to the net movement of 20-30 amino acids of the preprotein across the membrane (4) . This SecA ATPase activity has been defined as the SecA translocation ATPase (5) because it is stimulated approximately six-to ninefold in the presence of a preprotein substrate (3, 6) . The SecA translocation ATPase also depends on acidic lipids in the membrane, such as phosphatidylglycerol (PG) (7, 8) .
The atomic structure of the SecY complex, alone or associated with SecA, has revealed the location of the protein-conducting channel at the center of the SecY subunit (9, 10) . This finding has been confirmed by thiol-cross-linking (11, 12) and by cryoelectron microscopy analysis of the eukaryotic Sec complex bound to a translating ribosome (13) . It is thus well-established that a single SecY copy is sufficient to form the translocation pathway, yet it remains mysterious that the channel exists as oligomers (14) (15) (16) (17) .
An earlier study employing a covalently linked SecYEG dimer showed that a preprotein can be transported across a defective channel provided a functional SecY copy is fused to it (18) . It was proposed that each copy has a different role, one serving as a docking site for SecA and the other as a translocation channel [a model termed fraternal twins (18, 19) ]. In possible support to the model, a photo-cross-linking analysis in intact cells showed that SecA can simultaneously contact two SecYs (20) . More recently, a single molecule analysis in proteoliposomes indicated that a single SecY was sufficient to bind the preprotein, although the dimer was necessary to support significant transport (21) . These earlier studies have indicated the importance of the dimer, but the exact role of each copy requires additional support. Protein translocation taking place at one SecY copy might be facilitated by the second, or translocation may strictly depend on the dimer. The question is further complicated by the dynamic dimeric state of SecA and whether one or two SecA molecules bind to the channel (22) (23) (24) (25) .
To help understand this complex dynamic quaternary structure, we have reconstituted SecY in supported nanoscale lipid bilayers termed nanodiscs. We show that the SecY monomer is sufficient to bind SecA and the signal sequence, yet the activation of SecA occurs only when a second SecY and acidic lipids are present in the disc. The two copies are predominantly arranged in a back-to-back manner and create a binding site for one SecA only. Consistent with the fraternal twin model, the SecY dimer can activate the SecA ATPase provided SecA can bind to the assembly. To confirm the involvement of the dimer in the cell context, we combined a mutant defective for channel opening and a mutant defective for SecA binding. When coproduced together, these otherwise inactive SecY channels created a functional assembly. These results strongly argue that two SecY copies are necessary for preprotein transport.
Results
Capture of the SecY Dimer in Nanodiscs and Binding of SecA. We previously described the incorporation of the SecY monomer into discs using the membrane scaffold protein 1 (MSP1, referred to as Nd-Y) (23) . We also reported that SecA and Syd formed a tight complex with the Nd-Y particles (23, 26) (Fig. 1A) . Syd is a small protein that binds to the SecY cytosolic loops during assembly of the channel (27) . Here, we found that Syd greatly facilitated the electrophoretic mobility of the discs, which helped the analysis of the bands on native gel (Fig. 1A , compare lane 1 to lane 2). Because the SecY channel form oligomers in detergent solution (14) , the reconstitution was carried out with the longer scaffold protein, MSP3, which extends the diameter of the disc from approximately 9.7 to approximately 12.1 nm (28) . In that case, two particle populations were obtained (Fig. 1A, lane 4) and each was able to associate with SecA and Syd (lanes 5 and 6). To show that the high molecular mass discs contained two SecY complexes (termed Nd-Y 2 ), the reconstitution was performed using a covalently linked SecY dimer (termed Nd-YY; Fig. 1A , lanes 7-9), made from two secY genes that were fused together (29 (Fig. 2C) . Control experiments showed that the SecA ATPase activity was not triggered when the preprotein had a defective signal sequence (PhoA1-202-L14R; Fig. 2C ), nor when the SecYEG complex was reconstituted with a crude E. coli lipids extract, which contain high amount of neutral lipids (∼70% neutral; Fig. 2C and Discussion). Moreover, the SecY dimer carrying the mutation R357E in the large SecY cytosolic loop (referred to as Nd-Y 2 E ), or the mutations I82F/I187F in the SecY pore ring (referred to as Nd-Y 2 FF ), failed to support the SecA translocation ATPase (Fig. 2D ). These mutations, described below, affect SecY activity in vivo ( Fig. S2A ) and in membrane vesicles (Fig. S2B) . Together, the results showed without ambiguity that activation of the SecA translocation ATPase depends on the SecY dimer, a functional signal sequence and acidic lipids. The same dependencies define the SecA translocation ATPase in the membrane (7).
The SecA Translocation ATPase Depends on Two SecYs but only One Copy Needs to Bind SecA. To understand the role of oligomerization, the mutation R357E was introduced on one or the other copy of the covalently linked SecY dimer (termed YY E , Y E Y, and Y E Y E , respectively). The R357E mutation strongly reduced the binding of SecA to the channel (23) and caused a severe translocation defect (30) . Here, the association of SecA to the mutant channels reconstituted in discs was monitored by native-PAGE ( Fig. 3 A and B) and affinity pull-down (Fig. 3C ). When present on both copies, the R357E mutation reduced the binding of SecA approximately two-to threefold ( Fig. S3 ) and abolished the SecA translocation ATPase (Fig. 3D ). In contrast, the binding of SecA (Fig. 3A ) and the translocation ATPase activity (Fig. 3D) were unaffected when the heterodimer contained a wild-type SecY copy (Nd-YY, Nd-YY E , or Nd-Y E Y). The control experiment showed that the SecY E monomer on its own had a weak affinity for SecA compared to the wild-type complex ( Fig. 3B) (23) . Together, these results confirmed that the SecA translocation ATPase depends on two SecY copies, although only one is needed for the binding of SecA.
The SecY Monomer Suffices to Bind the Signal Sequence. We next tested if the SecY oligomeric state is important for preprotein binding. Previous cross-linking analysis showed that the signal sequence binds near the amino-acyl position 97, close the SecY channel pore (18) (Fig. S4A ). To test whether one or two SecY copies were necessary for binding the signal sequence, PhoA1-202 carrying a cysteine residue at position 5 (PhoA1-202-5C) was incubated with SecY 97C reconstituted in nanodiscs. Under oxidizing conditions, PhoA1-202-5C formed a disulphide bond with SecY 97C , whether SecY was monomeric or dimeric in the disc (Fig. 4A , lanes 5-12). The cross-link was specific because it did not occur with wild-type SecY, which contains two cysteine residues located away from the signal sequence binding site (Fig. 4A , lanes 1-4). However, unlike SecY 97C in proteoliposomes, the interaction between the signal sequence and SecY 97C in the disc or in detergent did not depend on SecA and ATP (Fig. 4A, lanes  19-21) . The position 97C in SecY therefore seems less accessible to the signal sequence when the channel is embedded in the lipid bilayer. To further assess the conformation of the SecY channel in the disc, we tested the capacity to support SecA membrane insertion. Upon binding of a nonhydrolyzable ATP analog, a 30 kDa domain of SecA becomes protease-resistant (31) . Formation of this 30 kDa domain was supported by the nanodisc when at least one SecY was able to bind SecA (Fig. 4B) . Thus, although the dimer is necessary to activate SecA, the SecY monomer was sufficient to bind the signal sequence and to support SecA insertion.
The Back-to-Back Dimer is the Predominant Formation in Discs. Two distinct dimeric arrangements have been observed in the lipid bilayer and in detergent solution: the front-to-front where the SecY lateral gates are facing each other and the back-to-back with the SecE subunits at the interface (20, 21, (32) (33) (34) . The nanodiscs allowed to probe the orientation of the SecY dimer in a restricted environment. To differentiate the two conformations (Fig. S4B for representation), a cysteine residue was introduced at position 106 on SecE (YE 106C G) and 103 on SecY (Y 103C EG). Upon oxidation, SecE-SecE and SecY-SecY disulfide linkages were detected in the cell membrane (Fig. 5A) suggesting that both dimeric arrangements exist, although artifacts related to overproduction are possible. In detergent, SecE-SecE cross-links were detected but this linkage appeared only upon dissociation of the SecYEG complex by temperature or SDS (Fig. S5) . In nanodiscs (Fig. 5B ) SecE-SecE cross-links were detected, but in the same conditions SecY-SecY cross-links were not (Fig. 5C ). For some reason, the SecY103C mutant formed less dimers in nanodiscs than the SecE106C version, but the amount of material analyzed by Western blotting (∼3 μg) should have been sufficient to detect even trace amounts of SecY-SecY cross-links. (Fig. S1 ). Fractions were supplemented with Syd (1 μg) to facilitate analysis by native-PAGE. (B) The same fractions were incubated with SecA (0.2 μM), PhoA1-202 (0.8 μM), and ATP (1 mM) for 30 min at 37°C. The release of inorganic phosphate was determined by colorimetric assay. Error bars were derived from three independent measurements. (C) Nanodiscs were prepared with the indicated lipids (PG, dioleoylphosphatidylglycerol; Ec, E. coli total lipid extract). Monomeric and dimeric populations were separated by gel-filtration chromatography as in A. The SecA translocation ATPase was determined after plotting the initial ATPase activity rates (Fig. S6 for kinetics Fig. 3 A and B) were incubated with 125 I-labeled SecA. The complex was isolated via Ni 2þ -NTA affinity pull-down (500 μL reaction in TSG buffer, 50 mM Tris·HCl pH 7.9, 100 mM NaCl, 5% glycerol). Nanodiscs and bound SecA were eluted in TSG buffer containing 500 mM imidazole, followed by SDS-PAGE and autoradiography. Nd-Ec lipids refers to nanodiscs made with E. coli total lipid extract. (D) Nanodiscs containing the fused SecY dimer were purified by sucrose density ultracentrifugation (see Fig. S7 for analysis) . The kinetics of the measured translocation ATPase are presented in Fig. S6 . physiology, the SecY FF and SecY E mutants were coexpressed in the same cell. The SecY FF mutant had an altered pore ring structure and was defective for channel gating (Fig. S2B) (35) , but otherwise interacted with SecA as strongly as the wild-type (Fig. 3B, Fig. 4B ). The SecY E mutant was defective for SecA binding (Fig. 3B) , but otherwise contained an unaltered translocation pore. Because the molecular basis for the translocation defect of each mutant was different, we could test their ability to complement each other. Neither SecY FF nor SecY E on their own was able to restore the growth of a thermo-sensitive SecY strain ( Fig. 6 A and B) . In contrast, the coproduction of the mutants restored cell viability in two different backgrounds and temperatures ( Fig. 6 A and B) . Similarly, the SecY FF and SecY E mutants supported in vitro protein translocation and SecA membrane insertion, but only when both mutants were simultaneously expressed in the membrane (Fig. 6 C and D) . Therefore, the two inactive SecY complexes were able to associate together to form a functional channel. In a possible scenario, the SecY FF copy would recruit SecA whereas the neighboring SecY E channel would provide the translocation pathway for the preprotein.
Discussion
The difficulty of understanding the oligomerization of the SecY complex has led to uncertainty regarding the functional state of the channel. Here, the nanodisc allowed to isolate the SecY dimer, which, unlike the monomer, was able to support the SecA translocation ATPase. The importance of SecY dimerization was also observed in membrane vesicles and in vivo because the coproduction of two inactive SecY subunits, each for a different reason, recreated a functional unit. Together, these results would strongly argue that the SecY dimer is crucial for the activation of SecA and subsequent preprotein transport. Yet, a recent analysis concluded that a single SecY channel suffices to support SecAdriven protein translocation (36) . In that study, the SecYEG complex was incorporated into giant liposomes at extremely dilute protein concentration. Using single molecule fluorescence spectroscopy, it was found that the SecY monomer supported SecA binding and formation of a preprotein translocation intermediate. Remarkably, the preprotein was not detected with the SecY dimer. In contrast, in another single molecule analysis at even lower protein to lipid ratio, the monomer was found insufficient to support protein translocation (21) . The opposed conclusions reached in these earlier liposome assays may simply highlight the difficulty of controlling or measuring the SecY oligomeric state in the fluidic lipid environment.
In nanodiscs, the monomer was sufficient to bind SecA and the preprotein signal sequence (Fig. 3B, Fig. 4A ). These observations were consistent with earlier disulphide cross-links and confocal microscopy analysis that probed the interaction of the preprotein with the channel (11, 21) , and also with the crystal structure of SecA bound to the SecY complex (10) . The results in nanodiscs also showed that only the dimer was able support the preproteindependent SecA ATPase. Why and how this dimeric assembly is necessary to activate SecA will require further investigation. The mechanism of the SecA translocation ATPase itself is still unclear. Arrhenius plots have indicated that the docking of the signal sequence onto the channel lowers the SecA activation energy barrier, a process termed triggering (3). In the membrane, this step would be normally followed by the irreversible engagement of the substrate with the channel and by cycles of ATP hydrolysis coupled to protein transport. The later step was apparently not reproduced in the nanodisc, perhaps as a result of the low k cat supported by the system (29.6 min −1 , Fig. 2C ), compared to membrane vesicles and proteoliposomes (70 min −1 and 456 min −1 , respectively) (3, 37) . The number of lipid captured inside the disc (<40-50 lipids per leaflet given size constraints) may also be insufficient for the signal sequence to interact productively with the channel. This limitation might explain why the preprotein-dependent SecA translocation ATPase was stimulated only two-threefold, compared to the six-ninefold in the membrane (3). In addition, the SecY conformation may be affected by the membrane lateral pressure perhaps absent in the disc. This other limitation may explain why the binding of the signal sequence was not dependent on ATP (Fig. 4A ) and why the SecY pore mutant could still facilitate SecA insertion (Fig. 4B) . Nevertheless, the fact that the SecA ATPase activity was dependent on a correct signal sequence is strong evidence that the triggering step of the reaction has been recreated in the disc.
The results with nanodiscs also showed that acidic lipids contribute directly to the SecA translocation ATPase activity. In the membrane, these lipids are essential for the binding of SecA (6, 7) and for the so-called SecA lipid ATPase, which occur only in liposomes, at low magnesium concentration (micromolar) and in the absence of a preprotein (7) . We reported earlier that the SecY monomer in discs with acidic lipids could stimulate an ATPase rate up to approximately 80 min −1 (23) . However, in the presence of physiological amount of magnesium (∼1 mM), the ATPase rate supported by the SecY monomer was reduced to less than 2 min −1 (Fig. 2C , Nd-Y/PG). Clearly, acidic lipids facilitate preprotein-dependent SecA activation but only in the context of the SecY dimer. How these lipids and magnesium lower the SecA activation energy barrier also need to be determined. Acidic lipids may have an allosteric effect on SecA, increase the strength of the interaction with SecY (16, 23) , or favor the monomerization of the SecA dimer (38) . Together, these effects might directly contribute to the triggering step of the translocation reaction.
The organization of the SecY copies in the functional dimer has been controversial. Our results show that both front-to-front and back-to-back conformations exist in the membrane but most likely as a result of protein overproduction. Furthermore, the SecE subunit self-dimerizes when unbound to SecY (Fig. S5) (39) , which complicates earlier cysteine cross-link analysis performed on membrane vesicles. In nanodiscs, the majority of the SecY complex was arranged in a back-to-back manner. Because the formation of the disc is a self-assembly process, the back-to-back orientation may be an energetically favorable state preferentially selected during the reconstitution. These results are compatible with previous experiments showing that a disulphide stabilized back-to-back dimer is active in liposomes (21) . These results do not exclude, however, that other functional arrangements exist. In fact, the exact orientation of the monomers may not be critical as long as the dimeric assembly satisfies signal sequence binding and SecA activation.
Our knowledge on the SecY channel is considerable, yet why the channel dimerizes and the functional advantage, if any, is still not understood. Dimerization might increase the affinity of the channel for its binding partners (18) , recruit acidic lipids essential to activate SecA (16, 21) , or facilitate gating through some sort of allosteric communications between monomers (40, 41). Previous site-directed cysteine cross-linking experiments revealed that each SecY copy is separately engaged with SecA and the preprotein during translocation (18) . Our results provide additional support for this functional asymmetry because the functional complementation between two SecY mutants, each with different translocation defects, was possible. The details regarding the contribution of each copy remain to be determined, but that a single gene contribute to two different functions, receptor and channel, is perhaps an advantage or an evolutionary adaptation to SecA, which is unique to bacteria.
Materials and Methods
Biological Reagents. pBAD22-based plasmids encoding for His-tagged SecYEG and covalently linked SecYEG dimers were previously described (29, 42) . The cloning and expression of the two SecY complexes but from the same plasmid is described in SI Materials and Methods. The SecYEG complexes were expressed in Escherichia coli BL21 (DE3) and purified by Ni-nitrilotriacetate (NTA) and cation exchange chromatography (26) . The reconstitution of the SecY complex in nanodisc is described in SI Materials and Methods. Membrane scaffold proteins (MSP) employed were prepared as described (23, 43) : MSP1D1 (referred to as MSP1; 24.6 kDa), MSP1E3D1 (referred to as MSP3; 32.6 kDa), and MSP2N2 (45.5 kDa). The first 202 amino acids of the alkaline phosphatase A (PhoA1-202) were expressed from plasmid pET-23 and purified from inclusion bodies using Ni-NTA chromatography under denaturing conditions (50 mM Tris·HCl pH 7.9, 6 M Urea, 1 mM DTT). The 125 I-labeling of SecA was performed with iodogen-coated tubes (Pierce) as previously described (29) . DOPG lipids (dioleoylphosphatidylglycerol) and E. coli total lipids were purchased from Avanti Polar Lipids. Cu 2þ -phenanthroline3 (CP 3 ) and N-ethylmaleimide (NEM) were from Sigma.
Translocation ATPase Measurements. The purified nanodisc preparations (0-155 nM) were incubated with SecA (0.2 μM) and ATP (1 mM) in TL buffer (50 mM Tris·HCl pH 7.9, 50 mM KCl, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT), and 0.8 μM PhoA1-202 or PhoA1-202-L14R. The release of inorganic phos- phate was measured by colorimetric method (Malachite Green) as previously described (23) . ATPase rates in the presence or absence of preprotein substrate were measured in intervals over a range of 30 min at each nanodisc concentration (Fig. S6, Fig. S7 ), followed by fitting the initial rates to a one site quadratic binding equation to determine k cat values as previously described (37) . To determine the amount of preprotein-dependent ATPase, the rate of inorganic phosphate release observed in the absence of the substrate was subtracted in each experiment Other Methods. Protein concentration was determined using the Bradford reagent (BioRad). Colorless native gels (4-13% linear gradient) and electrophoresis conditions were performed as described (26) . The molecular mass markers employed on native gel are, as follows: ferritin, 440 kDa; catalase, 232 kDa; BSA (trimer/dimer/monomer), 201∕134∕67 kDa. The covalent SecA dimer (SecA CP3 ) was obtained following oxidation with CP 3 and size-exclusion chromatography as previously described (23) . Dynamic light scattering measurements on the nanodisc particles (0.1 μg∕mL) were performed at 25°C on a Wyatt DynaPro Nanostar equipped with a 661 nm laser beam. Affinity pull-down experiments were performed by binding the nanodiscs onto Ni-NTA beads (GenScript) via a 6-Histidine N-terminal tag on MSP1 and MSP3, followed by incubation with SecA as described in Fig. 3C . In vitro protein translocation experiments were carried out as previously described (44) using 3 μg inner membrane vesicles (IMVs) prepared from E. coli strain KM9 (unc-, see Figs. S2C and S8 for Western blotting) in a 50 μL reaction volume with 0.2 μM SecA, 0.2 mg∕mL BSA, 1 mM ATP (10 min, 37°C), and 125 I or fluorescent-labeled PhoA1-202. Dye labeling of PhoA1-202 is described in SI Materials and Methods. In vivo complementation experiments were performed in E. coli conditional lethal strain CJ107 carrying the secY24 mutation (45) .
